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ScienceDirectThe advent of the genome-editing era greatly increases the
opportunities for synthetic biology research that aims to
enhance production of potentially useful bioactive metabolites
in heterologous hosts. A wide variety of sulfur (S)-containing
metabolites (S-metabolites) are known to possess bioactivities
and health-promoting properties, but finding them and their
chemical assignment using mass spectrometry-based
metabolomics has been difficult. In this review, we highlight
recent advances on the targeted metabolomic analysis of S-
metabolites (S-omics) in plants using ultrahigh resolution mass
spectrometry. The use of exact mass and signal intensity
differences between 32S-containing monoisotopic ions and
counterpart 34S isotopic ions exploits an entirely new method to
characterize S-metabolites. Finally, we discuss the availability
of S-omics for synthetic biology.
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Introduction
It is no exaggeration to say that the appearance of next
generation DNA sequencers is dramatically changing all
types of biological research. Before its appearance, func-
tional genomics could be only performed in a few
selected model organisms. Nowadays, the accumulation
of big sequence data enables functional genomics in all
sequence-readable organisms. In synthetic biology,
genes identified in functional genomics are heterolo-
gously expressed in host organisms, to create machiner-
ies for enhancing production of new target metabolites.
Microbe and plant specialized/secondary metabolites,
such as bleomycin, lovastatin, artemisinin, morphine,
paclitaxel, prostratin, resveratrol,  and vincristine, canCurrent Opinion in Biotechnology 2017, 43:8–16 now be produced using techniques of synthetic biology
[1–6].
In the near future, one can expect that almost all known
specialized metabolites with potent biological activities
will be investigated using functional genomics and syn-
thetic biology. As researches go on, the available pool of
known bioactive metabolites will be possibly exhausted.
To avoid this, we should continue to develop analytical
methods to discover new metabolites with potentially
useful bioactivities in metabolome resources. Therefore,
it is important how such metabolites can be precisely
profiled using high-throughput metabolomics approaches.
Among newly approved drugs from 1981 to 2014, substan-
tial number of entities contain heteroatoms such as N, O,
S, and halogens [7]. Some of these drugs are derived from
natural products. These suggest that efficient profiling
methods need to be developed for discovering seed and
lead heteroatom-containing natural products. In this re-
view, we focus on the targeted analysis of S-containing
metabolites (S-metabolites) using mass spectrometry
(MS) in plants. Furthermore, we discuss the availability
to use S-omics in a biotechnological research, for instance,
in synthetic biology.
Chemical diversity and usefulness of S-
metabolites
S-Metabolites are biosynthesized using sulfate, cysteine,
and/or methionine in all organisms including plants [8].
Biosynthesis produces a wide variety of chemical struc-
tures containing highly reactive functional moieties in-
cluding S (Figure 1a). This chemical variety provides
beneficial properties, especially health-promoting activi-
ties, to human activities (Figure 1b). The occupancy of
known S-metabolites in several databases is 5.7% in
average, but interestingly, this goes up to 23% in the
DrugBank database [9], highlighting the bioactive roles of
these compounds (Figure 1c). These facts indicate that
developing targeted analysis methods need to be
addressed to find novel seed or lead S-metabolites for
future drug developments.
A structural feature of S-metabolites
One of the general targeted analysis methods applied is
liquid chromatography–ultra violet–tandem mass spectrom-
etry (LC–UV–MS/MS). Here, a specific metabolite group is
detected using a common structural feature such the UV
spectrum (e.g., key UV absorption) or MS/MS spectrum
(e.g., key product ion). In the case of S-metabolites, suchwww.sciencedirect.com
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A chemical diversity of S-containing metabolites (S-metabolites). (a) Structure of plant S-metabolites. Glutathione and a-lipoic acid are primary
metabolite: the others are specialized/secondary metabolites. Family name of plants accumulating these metabolites are shown in parentheses.
(b) Beneficial properties of plant S-metabolites to human activities. (c) Structural records of S-metabolites in databases. The data was
downloaded on April 1st in 2015. S-metabolites were searched using the condition of S atom number (1  n  5). Percentage means the
occupancy of S-metabolites to the total records. BMDB, http://www.cowmetdb.ca/cgi-bin/browse.cgi; ChEBI, https://www.ebi.ac.uk/chebi/;
DrugBank, http://www.drugbank.ca/; ECMDB, http://ecmdb.ca/; FooDB, http://foodb.ca/; HMDB, http://www.hmdb.ca/; KNApSAcK, http://kanaya.
naist.jp/KNApSAcK/; PlantCyc, http://www.plantcyc.org/; PubChem Classification Browser (Biosystems and Pathways), https://pubchem.ncbi.nlm.
nih.gov/classification/#hid=72; SMPDB, http://smpdb.ca/; T3DB, http://www.t3db.ca/; UNPD, http://pkuxxj.pku.edu.cn/UNPD/; and YMDB: http://
www.ymdb.ca/.common features were not available due to the chemical
diversity.
The exact mass and natural abundance of the stable
S isotopes 32S (31.972072 Da, 95.02%) and 34S
(33.967868 Da, 4.21%) are present in the monoisotopic
and isotopic ions respectively of all S-metabolites. Theo-
retically, these differences in exact mass and signal in-
tensity can be detected among the monoisotopic and
isotopic ions given sufficient instrument sensitivity and
mass resolution. Nevertheless, the information intrinsicwww.sciencedirect.com to such ions has been overlooked in metabolomics analy-
sis. One reason is that, at the beginning of the metabo-
lomics era, isotopic ions were typically deleted from the
data matrix since they were redundant amongst the
hundreds of ion peaks in data analysis. At that time, mass
accuracy was mainly used for chemical assignment of
detected metabolites. Opportunities to use isotopic ions
increase with the improving ability of peak resolution and
mass accuracy in Fourier transform ion cyclotron reso-
nance-mass spectrometry (FTICR-MS) instruments. As
shown in Supplementary Table 1, the specifications ofCurrent Opinion in Biotechnology 2017, 43:8–16
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over the last decades in terms of sensitivity, accuracy,
and resolution. Isotopic ions can be relatively easily and
reliably measured and used for the confirmation of mo-
lecular formulae determined by mass spectrometry.
The association of resolving power and ion separation is
shown in Figure 2. At lower mass resolutions, isotopic ions
of glutathione are not separated in the regions of M
(monoisotopic ion)+1 and M+2. The isotopic ions are
progressively separated at higher mass resolutions
(Figure 2a). All isotopic ions are clearly separated at a
resolving power more than 200 000. Note that the signal
intensity of the 34S isotopic ion is relatively higher than
those due to contributions from 18O and 13C2 (Figure 2b).
Of course, the signals due to metabolites without S do not
exhibit 34S isotopic ions [10]. In ultrahigh resolution data,
the presence of 34S isotopic ion is therefore a common
structural feature of S-metabolites and can be used as
basis for targeted analysis methods.
Targeted analysis of S-metabolites: S-omics
Recent research focuses on stable isotope labeling using
15N, 18O, and 34S. This technique enhances the signal
intensity of the resulting isotopic ions (e.g., 15N labeling
[11]). Therefore, a comparative analysis of non-stable and
stable isotope-labeled data can comprehensively extract
ions containing N, O, and S [12,13]. Recently, research
targets are changing from model organisms to those of
economic or medical importance [14]. Although some
stable isotope-labeled plants are commercially available
in several plant species (e.g., IsoLife, http://www.isolife.
eu/), there are still limitations to prepare these in general
laboratory experiments. A new method was required
applicable profiling S-metabolites in any plants.
S-Omics aims to characterize 32S-containing monoisoto-
pic ions (S-ions) using the differences between S-ions and
34S isotopic ions in ultrahigh resolution metabolome data.
In S-omics, the use of native S-ions and their counterpart
34S isotopic ions are prioritized to cover a wide range of
plants such as vegetables or medicinal plants, which
cannot be easily labeled by the use of stable isotopes.
One current limitation remaining with this approach is
that only relatively abundant S-ions can be extracted from
the metabolome data. Finally, chemical assignments of
extracted S-ions are performed to determine molecular
formulae or putative/complete structures.
S-Omics using LC–FTICR-MS was conducted using
non-13C and 13C-labeled bulbs of onion (Allium cepa).
The 13C-labeled bulb was used to evaluate whether
the putative S-ions extracted from ultrahigh resolution
metabolome data had been correctly identified. The
elemental composition of these ions was unambiguously
identified using the mass shift resulting from the incor-
poration of 13C in the comparative analysis of the S-ionsCurrent Opinion in Biotechnology 2017, 43:8–16 and 13C-labeled S-ions. After the identification of ele-
mental compositions, the observed isotopic fine structure
[15] was confirmed against the theoretical value. Finally,
some of the S-ions were assigned as being derived from S-
alk(en)ylcysteine sulfoxides and glutathione derivatives
in the onion bulbs [16].
The analysis was applied to non-stable isotope labeled
plants such as A. fistulosum (green onion), and A. sativum
(garlic) together with onion as a positive control. In this
analysis, putative S-ions were characterized using mass
accuracy and isotopic fine structure after the extraction
using the differences of S-ions and 34S isotopic ions. Some
S-ions were further identified using authentic standard
compounds, and others were characterized using MS/MS.
Interestingly, two pairs of geometric isomers were char-
acterized in this analysis: g-glutamyl-S-1-propenylcys-
teine and g-glutamyl-S-2-propenylcysteine, and S-1-
propenylmercaptoglutathione and S-2-propenylmercap-
toglutathione [17].
It is known that Asparagus officinalis lowers blood pressure
in spontaneously hypertensive rats [18] and accumulates
S-metabolites such as asparagusic acid and its analogues
[19]. On this basis, screening of S-ions by S-omics was
performed in plant samples including Asparagus, and the
specific S-ions of Asparagus were characterized. A new S-
metabolite asparaptine was recently found in
Asparagus. The structure of asparaptine was determined
using methods of natural products chemistry. An in vitro
assay showed that asparaptine inhibited the activity of
angiotensin-converting enzyme (ACE), IC50, 113 mM
[20]. Interestingly, it was reported that a 1,2-dithilane
ring, which asparagusic acid and the analogues contain, is
a key to the inhibitory activity against ACE [21].
Future perspectives of S-omics for synthetic
biology
The combination of general resources and technologies
with S-omics will enable synthetic biology of S-metabo-
lites (Figure 3). However, before that, we need to identify
S-metabolites and the biosynthetic genes required for
their production. Here, we discuss future perspectives
and provide some observations.
New analytical methods provide opportunities to find
new metabolites in metabolome resources that have been
thoroughly analyzed before. S-Omics is not limited in
plants, but may be applied to any land and marine
organisms, or even stem cells including embryonic stem
cells and induced pluripotent stem cells [22]. A promising
approach is to use resources that are known to contain S-
metabolites, such as marine sponges, actinomycetes, and
plants. For example, for Streptomyces spp., which are well-
studied organisms in natural products chemistry, only a
small number of metabolites (<5%) are characterized so
far [1]. For plants, differences in specialized metabolismwww.sciencedirect.com
Finding a structural features of S-containing metabolites Nakabayashi and Saito 11
Figure 2
(a)
whole region M + 1 region M + 2 region
M + 1 M + 2
2500
2500
2500
2500
2500
308.09108
308.09108
308.09108
308.09108
308.09108
308.0
150
80 250
150
201.0475 201.0575 201.0675 250.9775 250.9875 250.9975 309.0800 309.0900 309.1000
209.0400 209.0500 209.0600 180.0250 180.0350 180.0450 179.0300 179.0400 179.0500 203.0375 203.0475 203.0575
150 150 80
20
9.
04
65
9
18
0.
03
12
8
17
9.
03
60
3
20
3.
04
38
9
20
3.
05
48
1
17
9.
04
44
8
17
9.
04
69
4
18
0.
03
97
3
18
0.
04
21
9
20
9.
05
50
4
20
1.
05
33
9
25
0.
98
18
9
30
9.
08
51
0
30
9.
09
35
6
30
9.
09
60
2
25
0.
99
28
0
20
1.
06
43
1
20
9.
05
75
1
308.5 309.0 309.5
α-lipoic acid
α-terthienyl asparaptine5-phenyl-2-(1’-propynyl)
  thiophene
sulforaphane allicin camalexin
310.0 310.5
309.09373
309.09451
309.09446
309.09444
309.09444
310.08951
140
100
100
100
100
310.084 310.088 310.092 310.096 310.100
300
275
300
300
300
309.084 309.088
15N 33 S
34S
34S 34S 34 S
34S 34 S
34S
34S
34S
34S
18O
18O
18O
13C2
18O 13 C2
13C2
13C2 13C2
18O 18 O
18O
13C2 13C2
13C2
13C2
13C2
13C
15N 33 S
15N 33 S
13C
13C
309.092
309.09047
309.09047
309.09047
309.09444 310.08688
310.08688
310.08688
310.08688
310.08951
310.09533
310.09533
310.09533
310.09779
310.09779
310.09779
310.09607
309.09444
309.09446
309.09451
309.09373
309.08812
309.08812
309.08812
309.08910
309.096 309.100
310.08688
310.08688
310.08688
310.08688
R 10,000
R 100,000
R 200,000
R 500,000
R 1,000,000
(b)
Current Opinion in Biotechnology
Isotopic fine structure of S-containing metabolites (S-metabolites). (a) Comparison of monoisotopic ion as [M+H]+ of glutathione [m/z 308.09108
(C10H18N3O6S)] at each resolving power (R). The X axis indicates m/z value, and the Y axis does signal intensity. (b) Isotopic ions in the M+2
region on the S-metabolites as shown in Figure 1 (except for glutathione). Resolving power is around 500 000. The X axis indicates m/z value, and
the Y axis does signal intensity.between wild-type plants and cultivars have been
reported [23,24]. Re-analysis of these using S-omics
may provide opportunities to find novel S-metabolites
with interesting structures or activities.
High-throughput data analysis is required in metabolo-
mics [25]. In S-omics using LC–FTICR-MS as describedwww.sciencedirect.com above, the analytical run time was 30 min per sample. To
get higher sample throughput, direct infusion analysis
using FTICR-MS can be used to acquire ultrahigh reso-
lution data within a much shorter timeframe. Bioinfor-
matics is an extremely useful approach to perform high-
throughput analysis. The function Isotope Cluster Anal-
ysis in the commercial software DataAnalysis (BrukerCurrent Opinion in Biotechnology 2017, 43:8–16
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A strategy to use S-omics for synthetic biology.Daltonics) is available to extract S-ions using the differ-
ences. The web tool RIKEN HIFI (http://spectra.psc.
riken.jp/menta.cgi/hifi/index) was developed for extract-
ing heteroatom-containing ions including S-ions. After
the confirmation of the presence of S-ions, a more de-
tailed analysis can be performed.
One high-throughput option for the chemical assignment
of known metabolites is automatic annotation using me-
tabolite databases [26]. Automatic analysis of large
metabolomics data from the extraction of S-ions to the
identification of metabolites would remove the most
time-consuming work of chemical assignment. There
are now many databases storing m/z values and/or MS/
MS spectrum which can be used for chemical assignment,Current Opinion in Biotechnology 2017, 43:8–16 as shown in Figure 1c. As a chemoinformatic approach,
the software MS-DIAL allows compound identification
through analyses of retention time, mass accuracy, and
isotope ratio along with MS/MS similarity matching to
libraries from the databases [27]. Along with those, the
name of organisms analyzed or the site of sample collec-
tion can be useful information for identifying known
metabolites.
For unknown S-metabolites, there are currently no work-
flows established enabling a fully automated structure
elucidation. However, efficient approaches to elucidate
their structures exist. The hyphenated technologies from
LC to MS and/or nucleic magnetic resonance (NMR) are
powerful ways to both isolate target S-metabolites andwww.sciencedirect.com
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oped approach combining MS with NMR data [29], the
structure of unknown metabolites could efficiently be
elucidated. Product ion analysis is useful to reveal key
product ions possessing substructure information. Sys-
tematic approaches of combined these techniques in
automatic ways accelerate efficient structure elucidation
of S-metabolites.
Imaging mass spectrometry (IMS) is a technique to
visualize the spatial distribution of metabolites in tissues.
Tissues of animals and plants are analyzed using this to
understand biological meanings of target metabolites
[30]. Many methods including matrix assisted laser de-
sorption/ionization (MALDI) [31,32–34] and laser abla-
tion electro spray ionization (LAESI) [35], are
commonly utilized for IMS. Gene expression of biosyn-
thetic genes may be highly correlated with sites of higher
metabolite accumulation in tissues [36]. The analysis is
applicable to understanding the associations of biosyn-
thetic genes to target metabolites.
Integrated omics is used to identify the associations of
biosynthetic genes to target metabolites. There are aFigure 4
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www.sciencedirect.com relatively large number of research examples on special-
ized metabolisms in plants (Arabidopsis thaliana [37–39],
Medicago truncatula [40], Oryza sativa (rice) [41,42],
Solanum lycopersicum (tomato) [23,43–45], Vitis vinifera
(grape) [46], and Zea mays [47]). The integrated analysis
of genomics/transcriptomics, and metabolomics enables
us to identify causal genes or metabolite quantitative trait
loci using reverse genomics/biochemistry/chemistry and
mathematical modeling [48]. To perform the analysis,
chemical and biological resources need to be prepared
[49]. Although the analysis is still limited by the large size
of some plant genomes (e.g., onion [50]), new technical
breakthroughs (e.g., third-generation sequencing [51])
will enable to perform integrated omics analysis in such
plants.
The production of glucoraphanin, which is an intermedi-
ate of sulforaphane, benzyl glucosinolate, and camalexin
was engineered by introducing their biosynthetic genes
into Nicotiana benthamiana using synthetic biology
approaches [52–54]. The production of indolylglucosino-
late was engineered in Saccharomyces cerevisiae (yeast) [55].
As a basis for this, the biosynthetic genes and their
regulation mechanisms need to be revealed in original25
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es signal intensity.
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14 Analytical biotechnologyplants (e.g., Arabidopsis for those genes) to engineer their
production in other host organisms [56,57]. Both
approaches, finding new S-metabolites with potential
biological activities, and elucidating genomes of plants
producing those, will provide new opportunities to ad-
vance synthetic biology researches [58].
Application of the S-omics strategy to the
targeted analysis of other heteroatom-
containing metabolites
The use of differences between monoisotopic and isoto-
pic ions is not only applicable for S-metabolites. The
strategy of S-omics can be applied to a more generalized
profiling of O-containing metabolites consisting of only C,
H, and O atoms. As shown in Figure 4, the isotopic fine
structures in the M+2 region shows the simple distribu-
tion of 18O and 13C isotopic ions found in avermectin B1a
and artemisinin [59]. The atom-based approaches have
the potential to explore a wide range of heteroatom-
containing metabolites.
Conclusion
Exploring S-metabolites are not yet fully developed.
Therefore, it seems highly likely that screening high
resolution mass spectral metabolomics data using care-
fully tailored mass differences will unearth interesting
S-metabolites in metabolome resources. S-Omics has the
possibility to be a promising technique for S-metabolite-
based synthetic biology.
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